ABSTRACT
H
epatitis E virus (HEV), a single-stranded, positive-sense RNA virus, is the sole member of the genus Herpesvirus in the Herpesviridae family (1) . HEV infection causes acute hepatitis, and its unique feature is a high mortality rate (up to 20%) among pregnant women (2, 3) . Cases of acute hepatitis due to HEV infection have been reported in industrialized countries in recent years (4) . The prevalence of HEV in industrialized countries may be underestimated. HEV infection is zoonotic, with pigs and several other animal species serving as potential reservoirs (5) . Chronic HEV infection of immunocompromised individuals, including organ transplant recipients, has been reported (6) .
HEV genomic sequences are heterogenic among different strains. At least four genotypes exist among HEV strains worldwide. Genotypes I and II are restricted to humans, whereas genotypes III and IV are zoonotic with an expanded host range (7, 8) . HEV propagation in cultured cells has been inefficient and limited. HEV replication occurs in cells that have been transfected with transcripts from an HEV replicon (pSK-E2) containing the full-length cDNA of the HEV genome (9, 10) . HEV replicons containing either a green fluorescent protein (pSKE2-GFP) (11) or a luciferase (pE-LUC) (12) reporter gene were also constructed to facilitate the study of HEV biology. Recently, an HEV strain of genotype III isolated from a chronically infected patient was adapted to grow in human HepG2/C3A hepatoma cells and found to infect pig and deer cell lines (13) .
The HEV genome is approximately 7.2 kb in length and consists of three open reading frames (ORFs) (14) . ORF1 encodes a nonstructural polyprotein that includes the RNA-dependent RNA polymerase. ORF2 encodes the capsid protein, the major structural protein of virions. ORF3 encodes a phosphoprotein with a molecular mass of approximately 13 kDa (vp13 here) (14) . A number of studies showed that vp13 plays roles in cellular sig-naling pathways (8) and interacts with microtubules (15) . Moreover, vp13 is essential for the establishment of HEV infection in macaques and pigs under experimental conditions (16, 17) . ORF3-null mutants of HEV failed to establish a productive infection in rhesus monkeys, suggesting an essential role for vp13 in vivo (16) . These data indicate that vp13 may play an important role in HEV-cell interactions, yet the exact role of vp13 in HEV infection remains unknown. It is also not known whether vp13 has any effect on host innate immune responses.
Host pattern recognition receptors (PRRs) for RNA viruses include the retinoic-acid-inducible gene I (RIG-I)-like receptor (RLR) pathway and the Toll-like receptor (TLR) pathway. TLRs that can detect viral RNA are TLR3, TLR7, and TLR8 (18) . All TLRs except TLR3 signal through the adaptor molecule myeloid differentiation factor 88 (MyD88) (19) . TLR3 signals solely via the adaptor TRIF (TIR domain-containing adaptor inducing beta interferon [IFN-␤]) (20) . The RLR family of PRRs is composed of RIG-I and melanoma differentiation-associated gene 5 (MDA5) (21) . Both RIG-I and MDA5 signal through the adaptor IPS-1 (also known as MAVS, Cardif, or VISA) on the mitochondrial outer membrane (22) . Both RLR and TLR3 can recognize viral genomic double-stranded RNA (dsRNA) or the replication intermediates of RNA viruses. Activation of RLR and TLR signaling leads to activation of two IB kinase (IKK)-related kinases, TBK1 and IKKε, which phosphorylate IFN regulatory factor 3 (IRF3) and IRF7 (23, 24) . These transcription factors are translocated into the nucleus and result in the induction of type I IFNs, which not only lead to an antiviral state in neighboring uninfected cells but also serve as key regulators to evoke an adaptive immune response.
In this study, vp13 was found to enhance IFN expression induced by poly(I · C), a synthetic analog of dsRNA. vp13 expression led to an increased level of RIG-I via extension of the half-life of the protein. Immunoprecipitation assay results indicated that vp13 interacted with the RIG-I N-terminal domain and increased its ubiquitination. In HEV-infected hepatoma cells, wild-type HEV led to higher levels of RIG-I and greater expression of poly(I · C)-induced IFN-␤ than those caused by ORF3-null HEV mutants. These results indicate that vp13 enhanced IFN induction via RIG-I signaling.
MATERIALS AND METHODS
Cells, viruses, and replicons. HEK293T cells were maintained in Dulbecco's modified Eagle medium (DMEM) supplemented with 10% fetal bovine serum (FBS). HeLa and S10-3 cells (13) were maintained in DMEMreduced serum supplemented with 3% FBS. Transfection of HeLa, HEK293T, and S10-3 cells was performed with FuGeneHD reagent (Promega, Madison, WI) in accordance with the manufacturer's instructions. HeLa cells stably expressing vp13 were established by transfection of the cells with VenusN1-vp13 or VenusC1-vp13 (15) and selection for resistance to G418 (500 g/ml). Cell cloning was done by limiting dilution. Poly(I · C) (InvivoGen, San Diego, CA) was used to induce IFN production at a concentration of 10 g/ml for direct addition to cultured cells or at 1 g/ml for transfection of cells. Avirulent LaSota Newcastle disease virus (NDV) with the inserted gene for green fluorescence protein (GFP) was used as an indicator of poly(I · C)-induced IFN production as previously described (31) .
Full-length HEV, HEV-GFP, and HEV-luciferase RNAs were obtained by in vitro transcription from replicon plasmids pSK-E2, pSK-E2-GFP, and pE2-Luc (10) (11) (12) , respectively, with the AmpliCap-Max T7 High Yield Message Maker kit (Cellscript, Madison, WI). Transfection of S10-3 cells with RNA was performed with DMRIE-C reagent (Invitrogen, Grand Island, NY).
Plasmids. The HEV ORF3 plasmids, VenusN1-vp13, and VenusC1-vp13 were reported previously (15) . HEV replicons, pSK-E2, pSK-E2-GFP, pE2-Luc, and ORF3-null pSK-E2 were described previously (10) (11) (12) 16) . ORF3 sequences from strains of HEV genotypes II (GenBank accession number M74506) and IV (accession number AB074915) were synthesized (GenScript, Piscataway, NJ) and cloned into the XhoI and EcoRI sites of the VenusC1 vector as described previously (15) . ORF3 of HEV genotype III strain Kernow (13) was similarly cloned into VenusC1 vectors with the primers listed in Table 1 . ORF3 truncation mutants were constructed with the VenusC1 vector and the primers listed in Table 1 .
Full-length RIG-I was cloned into the KpnI site of the pCMV-Flag-MAT-1 vector. The construction of Myc-RIG-I(N) (26) , MDA5(N) (27) , FLAG-TBK1, and FLAG-IKKε (23) plasmids was described previously. pCDNA3-TRIF-CFP (28) and pRK5-HA-Ubiquitin-K63 (29) were obtained from Addgene.
IFA and live-cell fluorescence microscopy. An immunofluorescence assay (IFA) was carried out as reported previously (15) , with a chimpanzee antibody against HEV. A cover glass with cells was mounted onto a slide with Fluoromount-G clear mounting medium containing 4=,6-diamidino-2-phenylinodole (DAPI; SouthernBiotech, Birmingham, AL) and observed by fluorescence microscopy. GFP expression in live cells transfected with RNA from a HEV replicon containing the GFP gene was similarly observed.
Western blot analysis. Whole-cell lysates were analyzed by sodium dodecyl sulfate (SDS)-polyacrylamide gel electrophoresis (PAGE) and Western blotting as described previously (15, 30) . Antibodies against GFP (Santa Cruz Biotechnology, Santa Cruz, CA), FLAG (Sigma, St. Louis, MO), hemagglutinin (HA; Thermo Fisher Scientific, Waltham, MA), Myc (Rockland Immunochemicals, Inc., Gilbertsville, PA), vp13, RIG-I (Santa Cruz), and tubulin (Sigma) were used for blotting. The chemiluminescence signal was recorded digitally with a ChemiDoc XRS imaging system (Bio-Rad Laboratories, Hercules, CA). Digital signal acquisition and densitometry analyses were conducted with the Quantity One Program, version 4.6 (Bio-Rad). To determine the half-life of RIG-I, cycloheximide (Sigma) was used at a final concentration of 100 g/ml to inhibit protein translation. Cell lysate samples harvested at the indicated time points after cycloheximide treatment were subjected to Western blotting.
Reverse transcription and real-time quantitative PCR (RT-qPCR). Total RNA was isolated from cells with TRIzol reagent (Invitrogen) ac- cording to the manufacturer's protocol. RNase-free DNase was used to remove carryover DNA from the RNA isolation procedure. Reverse transcription was carried out with avian myeloblastosis virus reverse transcriptase and a combination of a random primer and oligo(dT) as previously reported (31) . The primers used for detection of IFN-␤ (31) and RIG-I (32) cDNA were described previously. Real-time PCR with SYBR green detection was done as described previously (33) . Transcripts of housekeeping gene RPL32 (ribosomal protein L32) were also amplified from the same samples to serve as an internal control for normalization. Gene expression was quantified by the 2 Ϫ⌬⌬CT method (34) and is shown as the fold difference from a mock-treated control.
IP. Immunoprecipitation (IP) was conducted as previously described (35, 36) , with modifications. HEK293T cells were lysed with lysis buffer (50 mM Tris [pH 7.4], 150 mM NaCl, 0.2 mM EDTA, 2 mM EGTA, 0.5% IGEPAL CA-630, 10% glycerol, 1 mM sodium vanadate) supplemented with a protease inhibitor cocktail (Sigma). The lysate was clarified by centrifugation at 14,000 ϫ g for 5 min at 4°C. Antibodies against Myc or GFP were added to the supernatant. IP with protein G agarose (KPL Inc., Gaithersburg, MD) was done by following the manufacturer's instructions. IP samples obtained with Myc antibody were subjected to Western blotting with vp13 antibody. IP samples obtained with GFP antibody were subjected to Western blotting with RIG-I antibody.
For detection of ubiquitinated RIG-I, N-ethylmaleimide (Thermo Scientific, Rockford, IL) was included in the lysis buffer at a final concentration of 50 M. After lysate clarification, the supernatant was moved to a fresh tube and SDS was added to a final concentration of 1%. The supernatant was then boiled for 5 min and cooled on ice for IP with Myc antibody. The IP samples were subjected to Western blotting with ubiquitin antibody.
Luciferase reporter assay. HEK293T cells were transfected with a firefly luciferase reporter plasmid expressing the IFN-␤ promoter and the plasmids indicated. Renilla luciferase vector pGL4.74 hRL-TK (Promega) was also included for normalization. Empty-vectors of test plasmids were included as controls. Cell lysates were prepared 48 h after transfection, and luciferase levels were determined by firefly and Renilla luciferase assays according to the manufacturer's instructions (Promega). Luciferase activity was quantified with a VICTOR3 Multilabel Counter (Perkin-Elmer Life and Analytical Sciences, Wellesley, MA). Firefly luciferase levels were normalized to Renilla luciferase expression. Values representing fold luciferase activity differences from control cells are shown.
Statistical analysis. Differences in indicators between treatment samples, such as IFN-␤ mRNA level differences between the group in the presence of vp13 and the control sample, were assessed by Student t test. A two-tailed P value of Ͻ0.05 was considered significant.
RESULTS

vp13 enhances poly(I · C)-induced IFN production.
In our studies of vp13, we established HeLa cells stably expressing vp13 with plasmids encoding vp13 fused to the N-or C-terminal end of GFP, VenusN1-vp13, or VenuC1-vp13, respectively (15) . HeLa-VenusN1-vp13 was first used in an assay to assess the effect of vp13 on poly(I · C) induction of type I IFNs. NDV is sensitive to type I IFNs and was used as an indicator of IFN induction. HeLa-VenusN1-vp13 cells were inoculated with NDV-GFP at 12 h posttreatment with poly(I · C) and monitored for GFP expression. The cell line had a low level of VenusN1-vp13 expression that did not interfere with observation of NDV-GFP replication. Stable HeLaVenusN1-vp13 cells were expected to have a number of GFPpositive cells similar to or greater than that of control cells if vp13 had an inhibitory or no effect on IFN induction. However, substantially fewer cells with vp13 expression than control cells were GFP positive (Fig. 1A) . The vp13 expression in cells without poly(I · C) did not affect NDV-GFP replication. This result suggested that vp13 enhanced poly(I · C)-induced IFN production.
To confirm this observation, we examined IFN-␤ transcript levels by RT-qPCR. HeLa, HeLa-VenusN1-vp13, and HeLaVenusC1-vp13 stable cells were treated with poly(I · C) for 12 h and harvested for RNA isolation. The direct addition of poly(I · C) to the cells was supposed to activate the TLR3 signaling pathway to induce IFN production. Both HeLa-VenusN1-vp13 and HeLaVenusC1-vp13 cells had 5.6-and 10.2-fold more IFN-␤ mRNA than normal HeLa cells after direct poly(I · C) treatment (Fig. 1B) . Because poly(I · C) treatment induced higher levels of IFN-␤ mRNA in HeLa-VenusC1-vp13 cells than in HeLa-VenusN1-vp13 cells, HeLa-VenusC1-vp13 cells were used in the following experiments. Similarly, VenusC1-vp13 plasmid was used for further analysis of the effect of vp13 on IFN signaling. To test if vp13 was also able to enhance the poly(I · C)-activated RLR pathway, we transfected cells with poly(I · C). The IFN-␤ mRNA level in HeLaVenusC1-vp13 cells was 3.7-fold higher than that in HeLa cells after poly(I · C) transfection (Fig. 1C) . These results indicated that vp13 enhanced poly(I · C)-induced IFN production in HeLa cells.
vp13 expression in stable HeLa cells was detected by Western blotting with an anti-vp13 antibody (Fig. 1D ). Stable cells with VenusC1-vp13 had higher level of vp13 than did cells with VenusN1-vp13, which may be why poly(I · C) induced a higher level of IFN-␤ mRNA in the former cells.
vp13 enhances RIG-I-induced IFN-␤ expression in HEK293T cells. Overexpression of signal molecules from the TLR3 and RLR pathways such as RIG-I, MDA5, TRIF, TBK1, and IKKε leads to activation of the IFN-␤ promoter (37) (38) (39) . To find out which signal molecule in the IFN induction pathway was affected by vp13, we examined the induction of the IFN-␤ promoter with a luciferase reporter assay. HEK293T cells were transfected with RIG-I(N), MDA5(N), TRIF, TBK1, or IKKε along with vp13 or an empty-vector control. Among the molecules tested, IKKε overexpression induced the highest luciferase yield at 2,808-fold and TBK1 led to the lowest induction at 10-fold. Compared with the empty-vector control, the presence of vp13 significantly increased luciferase expression in cells transfected with N-terminal RIG-I or TBK1 by 5.94-or 6.82-fold, respectively (Fig. 2) . Cotransfection of vp13 with the other signal molecules did not lead to a significant change in luciferase yield. This result suggested that vp13 may function at multiple steps within the RIG-I signaling pathway to enhance IFN promoter activation. vp13 induces elevation of the endogenous RIG-I level. To determine the mechanism by which vp13 enhances RIG-I-mediated IFN induction, we first tested whether vp13 affects RIG-I expression. While RIG-I was below the detection level in control HeLa cells, endogenous RIG-I was detected by immunoblot analysis in stable HeLa-VenusC1-vp13 cells (Fig. 3A) . Likewise, transient expression of vp13 in HEK293T cells increased endogenous RIG-I expression to a detectable level (Fig. 3B) . Similar results were obtained with S10-3, a cell line capable of supporting HEV replication. S10-3 cells transiently transfected with a VenusC1-vp13 plasmid had a considerably higher RIG-I level than cells transfected with the empty vector (Fig. 3C) . These results indicated that vp13 expression led to an elevation of the basal level of RIG-I, which was likely one of the reasons for the enhancement of RIG-I-mediated IFN-␤ induction.
vp13 expression extends the half-life of RIG-I. The increased level of RIG-I in cells with vp13 expression could be due to either a higher level of transcription and/or translation or extension of the protein's half-life. To distinguish between these possibilities, HEK293T cells were transfected with VenusC1-vp13 or the empty vector and RIG-I mRNA levels were assessed by RT-qPCR. Similar RIG-I transcript levels were detected in the presence and absence of vp13 expression (Fig. 4A) , which indicated that the RIG-I level elevation seen was not due to changes in mRNA levels.
We next assessed the effect of vp13 expression on the translation of RIG-I. HEK293T cells were transfected with a FLAG-RIG-I plasmid since endogenous RIG-I is barely detectable by Western blotting. The exogenous RIG-I protein level in cells with vp13 expression was 2.8-fold higher than that in cells transfected with the empty vector (Fig. 4B) . These results suggest that vp13 acts at the protein level. We next examined the effect of vp13 on RIG-I protein stability. HEK293T cells were transfected with RIG-I and vp13 or the empty vector and treated with cycloheximide to block protein synthesis. This assay showed that the RIG-I level decreased (Fig. 5A) , indicating that vp13 did not affect RIG-I(N) expression or stability.
Next we tested whether vp13 interacts directly with RIG-I(N). HEK293T cells were cotransfected with Myc-RIG-I(N) and vp13 plasmids. IP with Myc antibody was conducted to pull down Myc-RIG-I(N), and Western blotting with GFP antibody showed the presence of vp13 in RIG-I(N) IP samples (Fig. 5B) . Similarly, IP with GFP antibody was conducted to pull down GFP-vp13 and Western blotting with Myc antibody showed the presence of RIG-I(N) in vp13 IP samples. The expression of RIG-I(N) and vp13 was verified in whole-cell lysate (Fig. 5B) . These results indicate that vp13 is capable of interacting with RIG-I(N). We reasoned that the direct interaction of vp13 and RIG-I(N) could induce RIG-I activation. IP was performed to pull down RIG-I(N), and then Western blotting with antibody against ubiquitin was conducted. The result showed that in cells with vp13 expression, the ubiquitinated RIG-I(N) level was significantly 2.7-fold higher than that in cells transfected with the empty vector (Fig. 5C ). These results suggested that vp13 enhances RIG-I(N) ubiquitination, which may lead to an increase in IFN-␤ promoter activation.
It is known that lysine 63 (K63)-linked polyubiquitination of RIG-I by ubiquitin ligase TRIM25 and Riplet causes RIG-I activation (43) (44) (45) . We reasoned that the vp13-enhanced ubiquitination of RIG-I should be K63 linked. HEK293T cells were transfected with plasmids expressing vp13, RIG-I(N), and HA-tagged K63-linked ubiquitin (HA-K63-ubi). IP of RIG-I(N) and Western blotting with an antibody against HA were conducted. The K63-linked ubiquitination of RIG-I in cells with vp13 expression was 2.5-fold greater than that in control cells (Fig. 5D) . The results suggest that the presence of vp13 promoted RIG-I activation, as shown by K63-linked polyubiquitination.
The C-terminal domain of vp13 is sufficient to enhance RIG-I expression and poly(I · C)-mediated IFN production. To determine which domain of vp13 is associated with the enhancement of IFN production, we constructed three vp13 truncation constructs, D1, D2, and D3 (Fig. 6A ). D1 and D3 cover the N-and C-terminal halves of vp13, respectively, and D2 carries most of vp13 with a deletion at the C-terminal end. HEK293T cells were cotransfected with plasmids expressing full-length RIG-I and fulllength vp13 or these three vp13 truncation constructs. Compared with the RIG-I levels in an empty-vector control, those in cells transfected with vp13, D1, D2, and D3 plasmids were 3.2-, 1.4-, 1.2-, and 2.8-fold higher, respectively (Fig. 6B) . Full-length vp13 and D3 was detected with a vp13-specific antibody that was generated with a C-terminal peptide and a GFP antibody. The RIG-I level in cells with D3 was similar to that in cells with full-length vp13, which indicates that the C-terminal half of vp13 contains the domain responsible for the enhancement of poly(I · C)-induced IFN expression.
To confirm this observation, we conducted an IFN-␤ reporter assay of HEK293T cells. The results showed that D3 increased IFN-␤ promoter activation to a level similar to that induced by full-length vp13, while D1 and D2 had a minimum effect (Fig.  6C ). This indicated that the C-terminal domain of vp13 enhanced RIG-I-induced IFN expression.
The presence of vp13 in HEV-infected S10-3 cells leads to higher levels of poly(I · C)-induced IFN-␤ expression than those caused by the presence of an ORF3-null mutant. The results described above showed that vp13 enhanced IFN induction. Therefore, we assessed whether vp13 plays a similar role during HEV replication. To address this question, we used S10-3 cells, a subclone of Huh-7 cells that supports HEV replication (13) . The cells were transfected with full-length RNAs from HEV replicon pSK-E2 or pSK-E2-GFP. The GFP insertion in pSK-E2 interrupted ORF2 and ORF3 expression but offered a convenient indicator for direct observation of HEV replication. To determine the RIG-I protein level in S10-3 cells in the presence of vp13 expression, Western blotting was conducted. The result showed that the endogenous RIG-I level in S10-3 cells with pSK-E2 was considerably higher than that in cells with pSK-E2-GFP or pE2-Luc (Fig. 7A) . Densitometry analysis showed that the RIG-I level in cells with pSK-E2 was 2.3-fold higher than that in cells with pSK-E2-GFP or pE2-Luc.
Transfection of cells with poly(I · C), which was expected to activate the RLR pathway, was conducted to induce IFN expression. Cells were harvested 12 h after poly(I · C) treatment for RNA isolation and RT-qPCR. The result showed that S10-3 cells transfected with pSK-E2 RNA had a 1.9-fold higher level of IFN-␤ transcripts than cells transfected with pSK-E2-GFP RNA in response to poly(I · C) transfection (Fig. 7B) . Cells not transfected with poly(I · C) had a very low IFN-␤ transcript level, as expected.
These results suggested that the presence of vp13 in S10-3 cells enhanced poly(I · C)-induced IFN expression. To confirm this observation, we used an ORF3-null HEV replicon, pSKE2⌬3, in which a termination codon was introduced to stop ORF3 expression and that therefore did not express vp13 (16) . The vp13-null mutant had a replication rate similar to that of the wide-type virus in S10-3 cells (46) . Compared to S10-3 cells transfected with the wild-type pSKE2 replicon, cells transfected with the vp13-null pSKE2⌬3 mutant had significantly lower IFN-␤ transcript levels after poly(I · C) stimulation (Fig. 7C ). An IFA with an antibody against the capsid protein confirmed similar HEV replication in S10-3 cells transfected with either wild-type or ORF3-null mutant genomic RNA (Fig. 7D) . These data suggest that the presence of vp13 in HEV-infected cells elevates endogenous RIG-I, which subsequently enhances poly(I · C)-induced IFN expression.
Enhancement of IFN induction by vp13 appears to be genotype specific. HEV genomic sequences are divergent. There are at least four genotypes of HEV across the world. The above-described experiments were done with vp13 from Sar55, a strain of genotype I HEV that can cause acute hepatitis. We wondered whether vp13 from strains of the other three genotypes would similarly enhance IFN production. ORF3 from strains of genotypes II, III, and IV were cloned. To determine the effect of vp13 on RIG-I(N)-induced IFN production, we performed an IFN-␤ promoter reporter assay. HEK293T cells were transfected with IFN-␤ promoter reporter and vp13 plasmids. The result showed that genotype III vp13 produced a RIG-I(N)-induced luciferase expression level 2.1-fold higher than that of cells with the empty vector (Fig. 8A) . vp13 from the genotype II and IV HEV strains had slightly lower levels of luciferase activity than the empty-vector control. vp13 of genotype I enhanced luciferase activity, as expected. RIG-I protein levels in HEK293T cells cotransfected with fulllength RIG-I and one of the four vp13 plasmids were determined by Western blotting. The results showed that compared with cells with the empty vector, cells with vp13 of the genotype III strain had a 2.4-fold higher level of RIG-I expression, which was similar to that of cells transfected with vp13 from the genotype I strain (Fig. 8B) . Blotting with a GFP antibody confirmed similar levels of expression of vp13 from the four genotypes in the cells. However, cells with vp13 from the genotype II and IV HEV strains led to minimal RIG-I level changes. The results indicate that vp13 from the strains of different genotypes had variable effects on the RLR pathway.
Amino acid sequence alignment of HEV vp13 of the four genotypes shows that there are more variations in the C-terminal domain than in the N-terminal domain (Fig. 8C) . As the C-terminal domain correlated with enhancement of IFN expression, variation in the C-terminal sequence could mean functional divergence. The amino acid sequence identity is 86% between genotypes I and II, 79% between genotypes I and III, and 78% between genotypes I and IV. Together, these data show that vp13 enhancement of IFN induction appears to be genotype or strain specific.
DISCUSSION
This study demonstrated that HEV vp13 enhances poly(I · C)-induced IFN expression by increasing the RIG-I protein level, interacting with RIG-I(N), and increasing RIG-I(N) ubiquitination. The vp13-mediated elevation of the RIG-I protein level is possibly due to the extension of the half-life of RIG-I. The C-terminal domain of vp13 was found to be sufficient for the enhancement of IFN induction. A vp13-mediated enhancement of IFN induction was also observed in HEV-infected S10-3 liver cells.
We observed that poly(I · C) treatment of stable HeLa-vp13 cells induced stronger inhibition of NDV-GFP replication than poly(I · C)-treated normal HeLa cells. This result indicates that The mechanism of vp13-mediated enhancement of RIG-I induction of IFN was delineated in this study. Elevation of the basal level of RIG-I was discovered in stable HeLa-vp13 cells and transiently transfected HEK293T and S10-3 cells. The increase in the level of RIG-I in S10-3 cells could be more meaningful, as they are liver-derived, HEV-susceptible cells.
The upregulation of RIG-I appears to be due mainly to vp13-mediated extension of the half-life of the protein. The presence of vp13 extends the half-life of exogenous RIG-I from 18 to 30 h. The possible mechanisms of this extension might be inhibition of RIG-I degradation by the ubiquitin-proteasome pathway or increased protein translation. The former speculation seems more reasonable, as cycloheximide treatment blocks protein translation. The observations that RIG-I(N) expression was not affected by vp13 and that the half-life of the full-length RIG-I protein was extended in the presence of vp13 are consistent with this speculation.
The other reason for vp13 enhancement of IFN induction could be that vp13 interacts with RIG-I(N) and enhances its ubiquitination. RIG-I(N) IP pulled down vp13, and vp13 IP pulled down RIG-I(N). As RIG-I(N) contains the CARDs to interact with IPS-1 to transmit the signal to induce IFN production, the upregulation of RIG-I(N) ubiquitination by vp13 further enhances signaling. Two ubiquitin ligases, TRIM25 (43, 44) and Riplet (45) , mediate the K63-linked polyubiquitination of RIG-I, leading to its interaction with IPS-1. This study shows that vp13 increases K63-linked RIG-I(N) polyubiquitination. The increase in K63-linked polyubiquitination is consistent with vp13 enhancement of RIG-I(N) activation. As the RIG-I CTD interacts with N-terminal CARDs in resting cells, vp13 is not able to interact with the whole RIG-I protein. Once the N-terminal CARDs are exposed after RIG-I undergoes a conformational change when the helicase domain of the RIG-I protein senses viral RNA (41), vp13 would be able to interact with the CARDs and further augment activation signaling.
The active domain of vp13 in this function is located in the C-terminal portion of the protein, as identified by truncation analysis. The C-terminal part of vp13 contains a proline-rich sequence that interacts with the Src homology 3 domain of cellular proteins (47) . The PSAP motif of avian HEV was found to play a role in virus release in vivo though not to be essential for virus infectivity (48) . We constructed vp13 with PSAP mutations, and our preliminary study with these mutant proteins indicates that the PSAP motif appears not to correlate with vp13 enhancement of IFN induction (data not shown). Further study is needed to identify the active motif involved in the enhancement of IFN induction found in this study. Our finding is consistent with a multifunctional character of vp13. The vp13-mediated enhancement of IFN induction appears to be true in HEV-infected hepatoma cells, as poly(I · C) induced higher levels of IFN-␤ mRNA in HEV-infected S10-3 cells with vp13 expression. The elevation of the RIG-I protein level in HEV-infected S10-3 cells expressing vp13 further substantiates this observation and is consistent with the finding that vp13 increases RIG-I protein levels in stably or transiently transfected cells. Compared to ORF3-null-mutant-infected S10-3 cells, in HEV-infected S10-3 cells, the presence of vp13 caused a significant increase in the IFN-␤ mRNA level induced by poly(I · C). The small magnitude of this change could be due to the low rate of HEV-positive cells and virus-mediated inhibition of IFN induction. We noticed that the HEV ORF1 product inhibited poly(I · C)-induced IFN production (submitted for publication). Therefore, there appears to be a balance between IFN induction and inhibition, such that the vp13-induced enhancement might be under the control of other viral products. In addition to enhancement of IFN induction, vp13 also enhances RIG-I-mediated NF-B promoter activation and leads to the expression of NF-B-activated cytokines in stable HeLa-vp13 cells stimulated with poly(I · C) (data not shown). Among the cytokines elevated, some are proinflammatory and may contribute to HEV-mediated inflammation and pathogenesis during HEV infection. A recent report showed that higher levels of TNF-␣, IL-6, IFN-␥, and TGF-␤1, as well as a higher HEV viral load, were seen in pregnant women with acute viral hepatitis and fulminant hepatic failure (25) .
It is generally expected that a virus would inhibit IFN induction and signaling to gain time for its own replication. Why vp13, a viral protein, enhances RIG-I-mediated IFN production is an intriguing question. In addition to the possibilities explained above, vp13-mediated enhancement of IFN induction could possibly play a role in the context of HEV infection, for example, stages of virus replication. We hypothesize that during early stages of HEV infection, ORF1 is more strongly expressed and IFN induction is inhibited and that during late stages, viral RNA replication is completed and ORF3 expression is increased to promote HEV egress and spreading to other cells.
Our data also showed that vp13-mediated IFN enhancement is different among the four HEV genotypes. vp13 from a genotype III strain is also able to enhance IFN induction in our study, but a recent report showed that vp13 from a strain of genotype III inhibits IFN-␣-activated signaling in stably HEV-infected A549 cells (49) . vp13 of genotype I strains appears to have no such effect on IFN-activated signaling because NDV-GFP replication was inhibited in stable HeLa-vp13 cells after poly(I · C) treatment. This inconsistency might be due to the different strains tested and the different cells used in our study.
On the other hand, the finding that vp13 enhances IFN induction would be useful in different applications. For example, the C-terminal domain of vp13 can be inserted into the genomes of attenuated live viruses to induce a stronger innate immune response for better protective immunity. Insertion of the C-terminal domain of vp13 into the recombinant virus also makes vp13 act as a marker for differentiation from wild-type virus infection.
Further characterization of vp13 and its active domain in this application is warranted.
